confirmed the presence of an impaired cardiac ANS function in frail compared to nonfrail participants. Furthermore, HR changes while performing a clinical test (e.g., the seated step test or the lying-to-standing orthostatic test) were decreased in the frail group compared to the nonfrail group. Conclusions: The current systematic review provides evidence that the cardiac ANS is impaired in frail compared to nonfrail older adults, as indicated by a reduction in the complexity of HR dynamics, reduced HRV, and reduced HR changes in response to daily activities. Four out of 6 included articles recruited only female participants, and in the other 2 articles the effect of gender on impairment of cardiac ANS was insufficiently investigated. Therefore, further studies are required to study the association between cardiac ANS impairments and frailty in males. Furthermore, HRV was studied only during static postures such as sitting, or without considering the level of activity as a potential confounder. Accordingly, simultaneous measurement of both physiological (i.e., HRV) and kinematic (e.g., using wearable sensor technology) information may provide a better understanding of cardiac ANS impairments with frailty while controlling for activity. 
Introduction
Frailty is a geriatric syndrome defined as impairment in interrelated physiological systems, coupled with a decrease in physiological reserves [1, 2] , which results in an increased vulnerability to stressors. Accordingly, frailty is associated with adverse health outcomes including mortality, morbidity, postoperative complications, institutionalization, and hospitalization [2] [3] [4] . Frail individuals are more susceptible to both acute and chronic conditions such as myocardial infarction, heart disease, and cardiac surgery [5, 6] . Frailty is higher in older adults with cardiovascular disease, with a prevalence range from 10 to 60% depending on the population studied and the frailty assessment approach [5, 7] . Also, the results of a recent study highlighted that early-stage frailty (i.e., prefrailty) contributes to development of cardiovascular disease [8] . An assessment of frailty and its impact on cardiovascular systems is, therefore, important in older vulnerable populations.
Frail elders are homeostenotic and have a decreased ability to maintain homeostasis under stress. The autonomic nervous system (ANS) including the cardiac ANS and its balanced functioning have a crucial role in maintaining homeostasis in almost all physiological functions [9] . This role becomes more pronounced when responding to internal or external stressors such as disease and activities of daily living [9, 10] . It has been postulated that frail older adults exhibit a progressive homeostatic dysregulation in physiological systems, including the cardiac ANS [8] . Also, impairment in the cardiac ANS, as highlighted in previous research studies [11, 12] , may be a factor that accelerates the frailty process. For example, frailty and heart failure are frequently associated together, with a high prevalence of frailty in heart failure ranging from 15 to 74% [13] . It is known that both heart failure and its treatment can result in, or worsen, frailty [14] . An impact of heart failure on frailty status may occur due to changes in cardiac ANS activity (e.g., increased sympathetic activity) in order to restore cardiac output [15, 16] , which in turn may add an excessive load on the cardiac ANS system, which already suffers from decreased physiological reserves. Also, the impairment of the cardiac ANS due to frailty may further worsen the heart failure because it is not able to maintain hemodynamic homeostasis.
As an aid to facilitate our understanding of the cardiac ANS mechanism in association with frailty status, noninvasive objective assessment methods based on heart rate (HR) and heart rate variability (HRV) have been introduced [17, 18] . The degradation of cardiac autonomic control results in a loss of complexity in the HR and a reduction in HRV, which is associated with a higher morbidity and mortality in individuals with myocardial infarction and heart failure [19, 20] . Cardiac ANS parameters associated with frailty, such as HR and HRV, can capture the reduction in dynamics of the physiological system in order to distinguish between healthy and impaired heart functioning [18] . Also, HR and HRV parameters could be used to enhance the prediction of hospitalization outcomes and mortality, especially in older adults with heart disease, as well as to improve surgical risk assessment and to assess the benefits of interventions in order to prevent frailty or reverse the frailty process.
The objectives of this Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) literature review were to: (1) investigate protocols used for cardiac ANS assessment in individuals with different frailty levels as defined by standardized frailty criteria and (2) to study the relationship of cardiac ANS, as manifested in HR-derived parameters (HR and HRV), and frailty status. The findings of the current review could provide insight regarding cardiac ANS alterations with frailty that might assist in the evaluation and management of cardiac conditions in older adults. Also, its outcomes may highlight that measures of cardiac homeostatic integrity can be used as a complementary tool along with traditional approaches to improve frailty assessment.
Methods
Inclusion/Exclusion Criteria A systematic literature review was performed based on the PRISMA guidelines for systematic reviews [21] (see Appendix A for the PRISMA checklist). Inclusion/exclusion criteria were chosen using a focused interview method by experts in the fields of aging and frailty, cardiology, clinical research, library science, and biomedical engineering. The inclusion criteria were: (1) that a frail sample, as explicitly defined according to a standard definition of frailty such as Fried's criteria [2] , was studied; (2) that a control group (nonfrail) was considered, and (3) that HR and/or HRV were considered as parameters of interest. The following were considered as exclusion criteria: case reports, letters, systematic reviews/meta-analyses, data published in the form of abstracts instead of peer-reviewed articles, non-English studies, and animal studies.
MEDLINE , Embase (1947 Embase ( -2015 , Cochrane Library (1898-2015), Web of Science (1898-2015), EBSCO/CINAHL (Plus with Full Text; 1981-2015), and ClinicalTrials.gov (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) . The last literature searches were completed in March 2015. The complete PubMed/MEDLINE search strategy, upon which the other database searches were built, is available in Appendix B. Citations of and reference lists within the selected articles were also searched for studies that would meet the inclusion criteria. The World Wide Web (especially Google Scholar) was also perused for relevant articles.
Study Selection
Two independent reviewers performed the study selection (S.P. and B.H.). In case of disagreements, a third reviewer (J.M.) cast the deciding vote. Screening was done in two steps ( fig. 1 ) . Initially, the titles and abstracts of retrieved references were screened for inclusion in full paper review. Then, the full texts of the articles thus selected were further analyzed to see if they fulfilled the inclusion criteria or not.
Data Extraction
Two individuals (S.P. and B.H.) independently extracted the following data from the included articles: study goals; subjects and study design; definition of frailty used; protocol and equipment used to monitor HR and rhythm, and HR and HRV parameters (and their definitions). Any disagreements were resolved by consensus (tables 1, 3, 4).
Quality Assessment
The quality of the included studies was assessed using the Crombie criteria adapted for assessing cross-sectional studies [22] . Eight quality criteria -research design, recruitment strategy, response rate, sample representativeness, objective and reliable measures, power calculation performed, proper statistical analysis, and no evidence of bias -were considered. Two more components were added to the above-mentioned criteria, namely the clarity of the reported results and parameters and the reproducibility of a study. A higher overall score was an indicator of the methodological quality of a study.
Data Analysis
Values of HR and HRV in frail participants were compared with those of nonfrail and/or prefrail participants, where possible. In the absence of such data, a summary of the results was presented. Due to the lack of data and differences in study design and the parameters studied, a meta-analysis was not possible. Therefore, a narrative synthesis was employed to combine results and explain conflicting results.
Results

Study Selection
We found 1,903 articles through database searching and 12 additional articles through a citation analysis of the selected articles and perusal of the World Wide Records identified through database searching (n = 1,903)
Screening
Included
Eligibility
Iden ca on
Records after removal of duplicates (n = 1,544)
Records screened (n = 1,544)
Records excluded (n = 1,490)
Full-text articles assessed for eligibility (n = 54)
Full-text articles excluded (n = 48)
Reasons:
• Web. Of the 1,544 articles remaining after duplicates had been removed, 1,490 were excluded during title and abstract screening because of their irrelevance with regard to the topic under review ( fig. 1 ). The inclusion/ exclusion criteria as outlined above were applied to the full texts of 54 articles, and 48 articles were excluded for the following reasons: (1) lack of a standard definition of frailty (n = 31); (2) lack of HR or HRV measurements (n = 8); (3) conference abstracts (n = 5); (4) non-English articles (n = 3), and (5) systematic review (n = 1). Finally, 6 articles [11, 12, [23] [24] [25] [26] met all the inclusion criteria ( fig. 1 ). 
Study Design and Quality Assessment
All included articles were cross-sectional studies, with various research aims with respect to the cardiac ANS, as summarized in table 1 . Using adapted Crombie criteria, the study conducted by Romero-Ortuno et al. [24] had the highest score (8 out of 10) among all the included studies. As reported in table 2 , all these studies had an appropriate research design, appropriate recruitment strategy, and objective and reliable measures and were reproducible. Only in the study by Takahashi et al. [25] a statistical analysis was not performed to assess pairwise differences between nonfrail, prefrail, and frail groups. Interestingly, none of the included studies had performed a power calculation. The study by Katayama et al. [23] was the only one that reported response rates. Four research studies lacked a sufficient report of the parameters utilized [11, 12, 23, 26] , and statistical values (e.g., means and standard deviations) for the extracted parameters were not reported; in 3 of these studies, demographic information was not reported individually for each frailty group [11, 12, 26] .
Participants
The sample sizes of the selected articles ranged from 23 to 547, and the participants' ages ranged from 60 to 101 years. A total of 919 nonfrail and 305 frail subjects were studied in the selected articles (excluding that by Weiss et al. [26] , in which the numbers of frail and nonfrail participants were not provided). Interestingly, in 4 out of the 6 studies, only female participants were recruited [11, 12, 23, 26] . Three of these studies [11, 12, 26] retrospectively analyzed different data subsets from the Women's Health and Aging Study (WHAS), which was originally designed for investigation of the epidemiology of disability progression in noninstitutionalized women aged 65 years and older [27] . Katayama et al. [23] did not explain the reason for recruiting only women.
In 3 studies [11, 12, 26] , the participants were categorized into nonfrail and frail, and in 2 studies [23, 25] into nonfrail, prefrail, and frail according to Fried's criteria. In 1 study [24] , the participants were categorized into three categories (nonfrail, prefrail, and frail) using a modified version of Fried's criteria. Since some measures based on Fried's criteria were not available in this study, they were substituted with similar measures extracted from the experiment (e.g., frequency of going outdoors was used as a surrogate of the Minnesota Leisure Time Activity questionnaire used in Fried's criteria) [24, 28] . Of note, evaluated outcomes such as gait speed and hand grip strength used age-and sex-adjusted norms in all studies in accordance with frailty criteria (Fried's or modified Fried's criteria). Chaves et al. [11] , 2008
NR = Not reported; NC = not clear. 1 Only elderly women with severe-to-moderate disability were included. 2 Only elderly women were recruited. 3 No suitable statistical test was used to assess pair-wise differences between nonfrail, prefrail, and frail groups. 4 No means and standard deviations of the extracted parameters for each group of nonfrail and frail subjects were reported. Also, no demographic information across the different groups (e.g. nonfrail and frail) was reported. 5 No means and standard deviations of the extracted parameters for each group of nonfrail and frail subjects were reported. Also, no numbers of participants and no corresponding demographic information for the two studied groups were reported. 6 No values for the different HR-derived parameters studied were reported across the different frailty groups.
Parvaneh/Howe/Toosizadeh/Honarvar/ Slepian/Fain/Mohler/Najafi Table 1 summarizes the equipment and protocols that were used for assessment of the cardiac ANS. In 1 study, no information about the equipment utilized for assessment of heart response was reported [26] ; all others used one of the two methods described below: 1 HR data extraction from electrocardiograms (ECG) -in 2 studies [11, 12] , two-channel Holter monitoring, and in 1 study [29] , 12-channel ECG recording equipment were utilized. In 1 study [23] , a one-channel ECG monitor (a belt worn around the thorax) was used; using this device, beat-to-beat HRs from the ECGs were recorded without providing the raw ECG data. 2 Optical HR monitoring -1 study [24] used an optical method based on the measurement of changes in light absorption to estimate HR. Weiss et al. [26] and Romero-Ortuno et al. [24] measured HR while participants were performing the seated step test and the lying-to-standing orthostatic test, respectively. Takahashi et al. [29] assessed their participants during supine and standing postures (10 min in each position). Measurement of ECGs in the supine position for 10 min was done by Katayama et al. [23] . In the other 2 studies, the participants were free to perform any physical tasks such as walking, lying, sitting, or standing [11, 12] .
Equipment and Protocols Used for Assessment of Cardiac Autonomic Control
In the articles reviewed, HR was monitored during the clinical test by Weiss et al. [26] and during the test and 3 min after the test by Romero-Ortuno et al. [24] . Takahashi et al. [29] reported HRV parameters based on stationary sequences of 256 heartbeats during each condition of supine positioning and standing. Katayama et al. [23] used a stationary 5-min period for reporting HR and HRV measures. Furthermore, Chaves et al. [11] and Varadhan et al. [12] reported HRV based on 2-3 h of recorded data.
HR and HRV Parameters Reported
The definition of HR and HRV measures and their physiological interpretation are summarized in Appen- dix C. Detailed information about their calculation can be found in the references provided there. As summarized in table 3 , 2 studies reported only HR parameters [24, 26] , 3 studies reported only HRV measures [11, 12, 25] , and 1 study provided both HR and HRV measures [23] . In the 3 studies that measured HR [23, 24, 26] , different outcome measures were calculated, including baseline HR [24, 26] , the mean of beat-to-beat intervals (RR intervals), which has a reciprocal relation to HR [23] , and changes in HR (ΔHR), with different definitions as explained in table 3 [24, 26] .
Among the studies that provided HRV assessments, outcome measures included: 1 time domain HRV measures -the standard deviation of all normal-to-normal intervals (SDNN) [11, 12, 23] , the square root of the mean squared differences between successive normal-to-normal intervals (RMSSD) [11, 12, 23] , the standard deviation of the average normal-to-normal intervals over 5-min periods (SDANN) [11] , and the percentage of successive normal-to-normal intervals with differences >50 ms (pNN50) [11] (see Appendix C for definitions); 2 frequency domain measures of HRV derived using a fast Fourier transform -the power density in the very-low-frequency [11, 12] , low-frequency [11, 12, 23] , and high-frequency bands [11, 12, 23] and the ratio of low-frequency to high-frequency bands (LF/HF) [11, 12, 23] , as well as total power density [11] ); 3 nonlinear measures of HRV -approximate entropy [11, 29] , conditional entropy [29] , and sample entropy [23] as measures of cardiac ANS complexity as well as symbolic dynamics [23] (definitions of the frequency bands and nonlinear measures are presented in Appendix C).
Alterations in HR and HRV Parameters with Frailty
A summary of the HR-derived parameter values across the frailty groups or a summary of the findings is presented for the reviewed studies in table 4 . Chaves et al. [11] demonstrated that the approximate entropy (the amount of regularity and the unpredictability of fluctuations over time) of HR is significantly reduced in frail as compared to nonfrail adults. Also, a significant reduction of SDNN, SDANN, total power density, power density in the very-low-frequency band (pVLF; <0.04 Hz), power density in the low-frequency band (pLF; 0.04-0.15 Hz), and LF/HF in individuals with a higher probability of frailty was reported by Chaves et al. [11] . Varadhan et al. [12] proposed that an aggregate of HRV measures by second principal component analysis had a stronger association with frailty because it captures the impairment in the cardiac ANS while discarding any redundancies in the highly correlated HRV parameters. Approximate entropy marked differences between nonfrail and prefrail/frail groups in the study by Takahashi et al. [29] . They reported a higher approximate entropy in prefrail and frail individuals as compared to nonfrail subjects, which is conflicting with the results of Chaves et al. [11] . Katayama et al. [23] reported a trend for reduction in SDNN and RMSSD from nonfrail to prefrail and frail individuals. The assessment of HRV in the frequency domain [pLF and power density in the high-frequency band (pHF; 0.15-0.4 Hz)] and nonlinear domain (symbolic analysis) highlighted a higher sympathetic and a lower parasympathetic modulation in frail subjects when compared to nonfrail and prefrail groups. A nonsignificant trend towards a lower sample entropy in prefrail and frail groups as compared to the nonfrail group was observed. Also, the authors have shown that the mean HR in the supine position is higher in frail than in prefrail and nonfrail individuals.
In 2 studies, the analysis of HR in response to activity during a clinical test demonstrated a higher baseline HR in the frail than in the nonfrail group [24, 26] . Also, in both studies, the change in HR in response to activity (ΔHR) was smaller in the frail group. Romero-Ortuno et al. [24] also reported a significant decrease in maximum HR by 30 s after orthostatic lying-to-standing in frail as compared to prefrail and nonfrail subjects.
Discussion
The purpose of the present systematic review was to study the relationship between the frailty syndrome and the cardiac ANS. The results demonstrated a reduction in HRV and complexity as well as an impairment in HR response to physical activity in the frail group as compared to the nonfrail group. These observations provide evidence of cardiac ANS impairments in frail versus nonfrail subjects.
Measurement Equipment
The findings from the current review revealed that HR as extracted from ECGs recorded by ECG monitoring equipment (e.g., Holter monitor, standard 12-lead ECG, and chest-worn ECG monitoring equipment) was the most common approach to assessing HR in older adults. Optical HR monitoring was also employed for recording HR. Of these two approaches, using an ECG device which reports both HR and raw ECG data that are used for extraction of HR is more efficient for excluding noisy data segments and heartbeats originating from an ectopic location and/or arrhythmia and noisy data.
HR and HRV Measures for Assessing Frailty
Of different HR measures, baseline HR and ΔHR were the most commonly used parameters. ΔHR was the most effective parameter, significantly differentiating frail from nonfrail groups. Furthermore, SDNN, RMSSD, and power densities at different frequency bands (e.g., very low frequency, low frequency, and high frequency) were the main parameters that were used to study HRV, which showed a reduction in global HRV and an imbalance in activity between the sympathetic and the parasympathetic nervous system in the frail group compared to the nonfrail group. Different definitions of entropy (e.g., approximate entropy, conditional entropy, and sample entropy) were also reported for assessing the complexity underlying the cardiac ANS. These measures showed a reduction in complexity of the cardiac ANS in frail compared to nonfrail groups in long-term measurement. -Nonsignificant higher mean RR (lower mean HR) observed in nonfrail as compared to prefrail and frail subjects in the supine position -A nonsignificant trend towards lower HRV as captured by SDNN and RMSSD in the frail group as compared to the prefrail and frail groups was found; the reduction in SDNN and RMSSD in the frail group may be an indicator of reduced global HRV and a decrease in parasympathetic activity, respectively -The frail group showed a significant decrease in pHF as compared to the nonfrail group (p < 0.05), which is an indicator of a reduction in activity of the parasympathetic nervous system -The frail group presented a significant increase in pLF and LF/HF as compared to the other groups (p < 0.05) -Using nonlinear methods, symbolic analysis revealed that the frail group had a significantly lower incidence of patterns in the 2LV family as compared to the nonfrail group (p < 0.05); this suggests that parasympathetic activity is decreased in frail as compared to nonfrail individuals -A nonsignificant trend towards a lower SE HR in the prefrail and frail groups as compared to the nonfrail group was observed; this suggests that frailty is linked to lower physiological complexity Summaries of findings are presented for studies that do not provide quantitative values. ↑ = Significant increase; ↓ = significant decrease; n.s. = not significant; * = statistically significant; TP = power across all frequency bands (<0.4 Hz); PC2 = second principal component; VLF = very-low-frequency band; HF= high-frequency band; ApEn HR = approximate entropy for an HR time series; CI = complexity index (minimum of the conditional entropy with respect to L past value); 2LV = patterns with two like variations; SE HR = sample entropy for an HR time series; RR = time between consecutive R-waves in the ECG; has a reciprocal relation to HR.
Conflicting Results across Studies
Two conflicting results among the studies included in the current systematic review were observed: 1 Increased pLF and LF/HF as well as a decreased pHF were observed in the frail group as compared to the nonfrail group in the study by Katayama et al. [23] , which was not in line with the findings of Chaves et al. [11] . 2 An increased approximate entropy (an indicator of increase in complexity of the cardiac ANS) in the frail group as compared to the nonfrail and prefrail groups was reported by Takahashi et al. [25] , which was in disagreement with the results provided by Chaves et al. [11] . The main source of the above-mentioned disagreement may be constituted by the implemented methodological approaches: the measures of Takahashi et al. [25] and Katayama et al. [23] were based on short-term HR series ( ∼ 5 min) while their participants were in a controlled static position (e.g., supine position). On the other hand, Chaves et al. [11] calculated the same parameters for longer data recordings (2-3 h) during physical tasks in diverse positions (e.g., lying, sitting, and standing).
Clinical Implications
The results of the current review demonstrate that most HRV measures (e.g., SDNN and power across all frequency bands as well as those calculated for longer data recordings, including pVLF, pLF, LF/HF, and approximate entropy) decline with frailty. The reduction in SDNN and total spectral power in the frail group compared to the nonfrail group is an indicator of reduced global HRV in the frail group. Furthermore, a different LF/HF in frail compared to nonfrail individuals is an indicator of an increased imbalance between the sympathetic and the parasympathetic nervous system [11, 12, 23] . The reduction in entropy measures (approximate entropy [11] and sample entropy [23] ) reported in frail individuals suggests a reduction in the physiological complexity underlying HR dynamics. This finding is in agreement with previous research that demonstrated a reduction in the complexity of HR with aging [29, 30] . This reduction in complexity may be associated with an impaired interaction between subsystems and regulatory mechanisms and was observed in pathological conditions [29] . Therefore, it can be concluded that frail individuals are at a higher risk of cardiac disease, and better medical care is required for them to prevent cardiac complications.
The significantly smaller alterations in HR in response to a postural transition in the frail group [24, 26] indicate that the instantaneous response of the cardiac system is less robust and competent in frail compared to nonfrail individuals. This finding suggests that frail people, especially those with heart problems, are more susceptible to adverse health conditions when performing strenuous tasks such as climbing the stairs; therefore, more rest between performances of more dynamic activities is required.
Previous studies have demonstrated that prehabilitation or rehabilitation prior to, or after, cardiac surgery leads to fewer postoperative complications and a shorter postoperative length of stay [31, 32] . The clinical findings of the current systematic review provide evidence that using detectable alterations in the cardiac ANS can assist in clinical monitoring. Cardiac ANS assessment may be used, specifically in cardiac patients, as a complementary measurement in addition to current subjective/semisubjective methods (e.g., Fried's criteria) or walking-based frailty assessment methods (e.g., 5-meter gait speed) that assess physical performance and are the most common frailty assessment approaches utilized in cardiovascular care for older adults [5] . As such, monitoring of HRV measures may serve as a potential tool for guiding prescriptive prehabilitation and rehabilitation programs. Further, by extension, this may offer additional benefits for reducing hospital stay and health care costs and for improving the quality of life of older adults.
Future Research Directions
The small number of studies included in this systematic review highlights the fact that published research on the association of frailty and cardiac autonomic control is limited. Also, the variety of protocols and parameters for assessing the cardiac ANS employed suggests a lack of standardized protocols for the evaluation of cardiac autonomic control. Therefore, suggesting a guideline for the standardized assessment of the cardiac ANS in frail older adults would be helpful for cross-study comparisons.
Although different HRV measures including time domain, frequency domain, and nonlinear approaches have been used to study the cardiac ANS across frailty groups, no study has quantitatively evaluated the relationship between the degree of autonomic dysfunction (the range of HR and HRV) and the frailty level. Providing such information in future studies could help to better understand the underlying mechanism of HR and HRV alterations with frailty. Since each HR and HRV measure assesses the cardiac ANS from a specific standpoint, an extraction of different HR and HRV measures can better characterize the cardiac ANS and increase the confidence in the interpretation of the results. For example, both RMSSD and pHF carry information about the activity of the parasympathetic nervous system, and implementing both parameters may increase the confidence in the interpretation of the effect of frailty on the parasympathetic nervous system.
Interestingly, only one study monitored HRV in male older adults [25] , and another study that provided a cardiac ANS assessment in both males and females only focused on the monitoring of HR response and HR recovery [24] . Therefore, further studies of the effect of frailty on the cardiac ANS in males are warranted.
Of 4 studies that utilized a standardized definition of frailty for assessing HRV, 2 studied short-term HRV (5-min measure) [23, 25] and the other 2 assessed HRV for a longer duration (2-3 h) [11, 12] . Future studies are warranted which evaluate the agreement between shortterm and long-term HRV assessments in frail populations as well as find the most reliable approach to assessing HRV in frail older adults.
All reviewed articles studied heart response and cardiac autonomic control in static positions (e.g., sitting and standing) [23, 25] or without considering positioning or the level of activity [11, 12] . Previous studies have recommended that frailty be identified with greater precision by studying the heart response to physical activity (e.g., sit-to-stand test) [24, 26] . Wearable technologies can provide a tool for simultaneously measuring physiological (e.g., ECG) and kinematic data (e.g., body posture using accelerometers), which can then be used to assess the HR response to and recovery from tasks such as sit-to-stand or lie-to-stand testing during activities of daily living. Also, this coupling of activity and physiologic response could help to better study heart response and recovery during different phases of the activity studied (e.g., the leaning forward part of sitting to standing or the transition from a leaning position to standing).
No study to date has explored longitudinal changes in performance of cardiac autonomic control in response to frailty progression. Future longitudinal studies are recommended to explore this relationship. Also, the predictive value of the cardiac ANS in combination with current frailty assessment methods such as Fried's criteria for the prediction of prospective frailty status changes is another area that could be explored.
Previous studies in the area of aging have shown that HRV was more pronounced during the night [33] ; this result warrants research studies assessing the cardiac ANS in individuals with different frailty statuses, as defined by a standardized definition, during nighttime sleeping. It should be noted that the effect of confounders such as movement and change in posture can be minimized during sleep.
Further, the effect of exercise on the cardiac ANS of frail individuals has not previously been explored. Designing studies to systematically explore the effect of exercise on the cardiac ANS based on objective frailty levels is worth pursuing.
Limitations
There is a limited body of evidence on cardiac autonomic functions such as HR and HRV in frail groups as defined by a standard definition. In addition to the scarcity of articles, two factors limited the comparability between the studies included: (1) different parameters were used for assessing the cardiac ANS, and (2) confounders, such as posture [34, 35] and the level of activity [36, 37] , which may influence HR-derived parameters and outcomes, were not controlled for in all studies. Also, due to the above-mentioned factors as well as missing values [11, 12, 23, 26] , we were unable to perform a meta-analysis. Finally, different subsets of the same sample were used in 3 out of the 6 studies included [11, 12, 26] , reducing the total number of unique participants and their independence. Thus, the results need to be interpreted with caution.
Conclusions
The current systematic review provides evidence of cardiac autonomic nervous impairments in frail as compared to nonfrail older adults. These impairments are characterized by a reduction in the complexity of HR dynamics, a reduction in HRV, or an impaired HR response to daily physical activities. The lack of methodological rigor limits the generalizability of the study findings (i.e., different measures and study designs). Thus, more rigorous studies, incorporating systematic measures and methods, are required to better assess associations between the cardiac ANS and different frailty statuses in older adults. The search strategies applied in the other databases (Embase, Cochrane Library, Web of Science, CINAHL, and ClinicalTrials. gov) were derived from the PubMed search. The database searches were conducted without using language or publication date restrictions (though non-English articles were excluded during the screening process). Standard deviation of the average normal-to-normal intervals over 5-min periods [38] Sympathetic and parasympathetic nervous system interactions (autonomic tone) RMSSD (ms) Square root of the mean squared differences between successive normalto-normal intervals [38] Parasympathetic activity pNN50 (%) Number of successive normal-to-normal intervals with differences >50 ms divided by the total number of RR intervals [38] Parasympathetic activity Total power density (ms 2 ) Power across all frequency bands (<0.4 Hz), which is a net effect of all possible physiological mechanisms contributing to HRV [20, 38] Global HRV pVLF (ms 2 ) Power in the very-low-frequency band (<0.04 Hz) [20, 38] Overall activity of various slow mechanisms of sympathetic function pLF (ms 2 ) Power in the low-frequency band (0.04 -0.15 Hz) [20, 38] Both sympathetic and parasympathetic tone pHF (ms 2 
Appendix C: Definition of HR and HRV Parameters and the Physiological Interpretation of HRV Measures
)
Power in the high-frequency band (0.15 -0.4 Hz) [20, 38] Parasympathetic tone LF/HF Ratio of the power in the low-frequency band to the power in the high-frequency band [20, 38] Balance between sympathetic and parasympathetic tone Approximate entropy/ conditional entropy/ sample entropy Measures the irregularity or complexity of the HR series [23, 25, 29] Symbolic analysis Converts cardiac RR intervals into different levels (symbols) and analyzes the pattern of symbols [23] -
